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The diffusion resistance to monomers during heterogeneous poly-
merization of polyolefin particles may have a significant effect on the
observed activity. This diffusivity is, in general, unknown. To gain
more information on this diffusion resistance in such systems, PFG-
NMR has been used to measure the diffusion of organic solvents in
various systems of porous polymer particles. In such systems the
complex morphology and geometry demands careful analysis of the
PFG-NMR attenuation curve. In this study, effects from restricted
diffusion, domains having different diffusivity, and internal mag-
netic field gradients are expected. Thus, the obtained diffusivities
have to be considered carefully, and a way to analyze the data taking
these effects into account is presented. C© 2001 Academic Press

Key Words: PFG-NMR; restricted diffusion; polymer particles;
internal magnetic field gradients; tortuosity.
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INTRODUCTION

The influence of restricting geometry on the measured d
sivity is of great importance in different kinds of porous med
like porous rocks, biological systems, and polymer system
a pulsed field gradient nuclear magnetic resonance (PFG-N
experiment, the observation time can be varied from a few
liseconds up to several seconds. Because of effects from th
stricting geometry, the measured self-diffusion coefficient,D(t),
depends on the observation time,td, and is sensitive to phys
cal parameters like permeability and the volume fraction of
diffusing species.D(t) can be related to certain characterist
of the porous medium such as the surface-to-volume ratio
the tortuosity (1–5). Taking into account only geometrical
strictions of the medium,D(t) of a diffusing fluid is found to
decrease with observation time and reach a plateau value, w
represents the tortuosity,T , of the system (1–3).

During a heterogeneous polymerization of polyolefins
original catalyst particles fracture and are encapsulated in
polymer. Porous polymer particles are made, and they gro
the polymerization proceeds (6, 7). The diffusion resistanc
1 To whom correspondence should be addressed.
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monomers during polymerization to polyolefin particles m
have a significant effect on the observed activity. This diffus
resistance depends on the diffusivity of the monomers in
different areas of the particles, and this diffusivity is, in gene
unknown (7, 8).

The purpose of this article is to show how PFG-NMR can
used to measure diffusion of small molecules in porous poly
particles and to discover which effects one has to take into
sideration to give reliable values for the diffusion coefficien
different areas of the particles.

The PFG-NMR method has been used to measure diffu
coefficients of liquids in different areas of such a system. M
surements done in polyethylene (PE) particles produced in a
scale industrial reactor are compared with measurements do
model systems consisting of monodisperse porous polysty
particles having various pore size distributions.

In heterogeneous systems, internal magnetic field grad
may be a significant source of error. These internal grad
are induced because of differences in magnetic suscepti
between the different areas in an heterogeneous sample an
consist of a broad distribution of values with both polarit
(9–11). A coupling between the applied and internal magn
field gradients will occur (12), and depending on the rela
strength between the internal gradients and the applied one
measured diffusion coefficient may not correspond to the ac
diffusivity in the system.

This source of error can often be eliminated by introduc
bipolar gradients in the pulse sequence (13–17), but in a re
publication (18), it was shown that when bipolar gradients
used to suppress the effects of internal gradients, the observ
time must be kept to a level where the square root of m
square displacement does not exceed the distance in wh
is likely that an internal gradient will change its polarity or
strength significantly. This has to be taken into account at
observation times in some of the systems studied here, an
discuss how this error can be compensated for.

The PE particles have a complex morphology and geom
When a liquid is added to this system, it will occupy differe
domains of the particles. The two main domains will be
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RESTRICTED DIFFUSION

semicrystalline phase of the polymer and that in the cavi
inside the porous particle. In addition, there is a distribut
of pore sizes, which will, because of restricted diffusion, ha
different influences on the measured diffusivity. Thus, the a
nuation curve has to be analyzed carefully, and it is impor
to have control of the effects which influence this curve.

In this study effects of internal magnetic field gradients, d
ferent diffusion domains, and restricted diffusion are analy
carefully, and we suggest the most convenient and correct
of analyzing the obtained attenuation curves.

THEORY

Generally, in a pulsed field gradient (PFG) experiment,
echo attenuation for an ensemble of molecules undergoing
Brownian motion is given by

ln
I

I0
= −γ 2δ2g2

e Dtd, [1]

whereγ is the gyromagnetic ratio,ge is the effective applied
magnetic field gradient,δ is the effective length of the applie
gradient pulse,D is the self-diffusion coefficient, andtd is the
effective observation time. The parametersge andtd will depend
on the type of PFG sequence used.

When working with heterogeneous media, it is conveni
to define the so-called reciprocal lattice wave vector,q =
γgeδ/2π , which describes the reciprocal space of the restrict
geometry in the system.

To reduce the effects of internal magnetic field gradients,
made use of the pulse sequences with pairs of bipolar grad
as shown in Figs. 1b and 1c.

In (18) it was shown that if the square root of the mean squ
displacement during the observation time exceeds the dist
in which it is likely that an internal gradient will change i
polarity or its strength significantly, the use of bipolar gradie
may fail to suppress effects of internal magnetic field gradie
With long observation time, this has to be taken into accoun
some of the measurements performed in this study.

In the systems studied here, it is also important to take
consideration the effects of domains having different diffus
ties, effects of restricted diffusion, and the influence these eff
have on the measurements performed.

There are various equations describing the effects of sev
diffusion domains. In the limit of slow exchange between t
different domains, the process is described by

I

I0
=

n∑
i=1

pi e
−4π2q2Di td , [2]

whereDi is the diffusion coefficient describing the diffusion o
the fractions of molecules,pi in domaini of the system, and
the other symbols are as described in the previous equat

Equation [2] does not take into account relaxation effects.
the relaxation times are significantly different for the differe
IN POLYMER PARTICLES 169

ies
on
ve
te-
nt

if-
ed
ay

he
free

nt

ng

we
ents

are
nce

s
ts
ts.

t in

to
i-
cts

eral
e

f

ons.

domains, each fraction (pi ) will be a function of the different
time intervals in the pulse sequence used in the experimen

In the limit of fast exchange the attenuation is described
an average diffusion coefficient

Dav =
n∑

i=1

pi Di . [3]

The attenuation is then mono-exponential and is given by

ln
I

I0
= −4π2q2Davtd. [4]

Again, no effects of differences in relaxation times are taken
consideration.

Between the two limits mentioned above, one has to cons
different degrees of exchange between the various domains
ing the observation time.

Restricted diffusion has different influences on the meas
ments. As the diffusion time increases, more molecules wil
influenced by the restricting boundaries, giving a lower value
the measured diffusion coefficient. Thus, the measured diffu
coefficient will be time dependent.

The diffusion behavior in the limit of long (infinite) observa
tion time, when the heterogeneity of the porous system is pro
may be described by the tortuosity,T , defined as

D∞
D0
= 1

T , [5]

whereD0 is the value of the diffusion coefficient att = 0, i.e.,
the value for bulk diffusion of the liquid, andD∞ is the corre-
sponding value att = ∞.

If a large fraction of the molecules are influenced by the
strictions during the observation time, or during the gradi
pulse, the diffusion propagator may no longer be Gaussian.
attenuation may be influenced by different degrees of restri
diffusion, and by higher order terms of the gradient strength (g4

e),
giving a nonlinear attenuation, concaved upward (19).

If the square root of the mean square displacement during
gradient pulse,rδ =

√
2Dδ, is relatively small compared to th

size of the spacing between the restricting barriers, only a s
fraction of the molecules will be influenced by the barriers. Th
the diffusion propagator will be Gaussian to the first order ing2

if qa¿ 1(20), wherea is the spacing between the restrictin
barriers in the system. Thus, at low values of the gradient stre
(low q values) the influence from higher order terms ofg is low,
and the effective diffusion coefficient is given by (19)

lim
q→0

∂ ln(I /I0)

∂q2
= −4π2Deff(td)td [6]

and can be found from the initial slope of the attenuation cu
This is known as the “second cumulant approximation” (19)

If

nt
On the other hand, ifrδ is much longer than spacing between

the restricting boundaries (qaÀ 1), all of the molecules in the
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FIG. 1. Pulse sequences used in the diffusion experiments: (a) the pulsed field gradient stimulated echo sequence (12); (b) the 13 intervals
stimulated echo sequence (16); (c) the 11 intervals bipolar PFG spin echo sequence (17).f andg are the strengths of the applied gradients. The effective grad

and the observation times are as given in the expressions for the attenuations. The time intervals are as described in the figures.
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ensemble will be influenced by the boundaries. Random d
sion causes the phase distribution of the spins to be Gau
during the gradient pulse, even though the displacements
not Gaussian (21). The diffusion propagator will then also
Gaussian. This is usually called a “quasi-homogeneous” sys
In the case whererδ is equal to the spacing between th
restricting boundaries, one cannot use the second cumu
fu-
sian
are
be
em.

approximation, and the system cannot be considered to be q
homogeneous. It is then complicated to extract the true diffus
coefficient in the porous system, and it is only possible if the
ometry of the system is simple and well defined.

Internal magnetic field gradients, several diffusion doma

e
lant
and restricted diffusion are all effects which have to be taken
into consideration in the measurements presented here.
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MATERIALS AND METHODS

The PE particles were delivered from Borealis A/S where t
were produced in a full-scale slurry phase reactor. The grain
of the particles studied were 250–500µm in diameter.

Pore size distribution of the particles was determined by us
mercury intrusion with a Pascal 140 instrument, and the poro
was determined by use of a Micrometric AccuPyc 1330 Heliu
pycnometer, and with the Pascal 140 instrument. Scanning
tron microscopy (SEM) pictures of both the outer surface of
particles and of sliced particles were obtained. A razor b
was used for slicing the particles.

Toluene and methanol were separately added to the PE
cles. The purpose was to have liquids with different solubili
in the amorphous phase of PE, thus making it possible to
the ratio between the amount of liquid in the semi-crystal
phase of PE and in the cavities inside the particles.

NMR samples of the PE particles were prepared by filling
particles in a 5-mm NMR tube. Toluene or methanol was t
added in excess to the tubes. The samples were dried at◦C
until it was observed visually that the interparticle liquid h
evaporated; the remaining liquid is then to be found inside
particles. The tubes were then sealed off.

In addition to the samples of PE particles, some samples o
uid added to monosized polystyrene particles were investig
Three different types of polystyrene particles were studied.
system consisted of totally compact polystyrene spheres w
mean diameter of 20µm (sample PS1) and was delivered fro
Duke Scientific (U.S.A). The other two systems were porous
ticles with a mean diameter of 15µm and with different interior
pore size distributions (samples PS2 and PS3). These par
were produced at SINTEF Applied Chemistry in Trondhe
Norway.

The polystyrene particles were filled in the NMR tubes a
were then totally immersed in liquid so that both the inter
cavities and the cavities between the particles were occupie
liquid. Distilled water was added to sample PS1, while tolu
was added to samples PS2 and PS3.

Diffusion experiments were performed on a Bruker Ava
DMX200 instrument (magnetic field strength=4.7 T, resonance
frequency for protons= 200.13 MHz) using a commercial di
fusion probe from Bruker (PH MIC 200 WB 1H SAT 5/10). A
applied gradient strength in the range 0–600 G/cm was u
Unless stated otherwise, the experiments were performe
25.0± 0.5◦C.

The pulse sequences given in Fig. 1 were used. In each d
sion experiment the different time intervals were kept const
while the strength of the gradients was varied. The length o
gradient pulse (δ) was 0.5 ms in the experiments performed w
the monopolar PFGSTE sequence (Fig. 1a). In the experim
performed with bipolar sequences (Figs. 1b and 1c), the le
of the gradient pulse (δ/2) was 0.5 ms.

To minimize the cross terms between applied and inte

gradients, all the diffusion experiments were performed w
δ1 = δ2, and to dephase, and thus eliminate the signal from so
IN POLYMER PARTICLES 171
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semi-crystalline PE at the time of the echo, a value ofδ1 = δ2 ≥
0.5 ms was used.

The applied gradient strength was calibrated by perfo
ing diffusion experiments in distilled water slightly doped wi
CuSO4, and in dried glycerol, for calibration at high gradie
strength (22).

RESULTS AND DISCUSSION

SEM Analysis and Porosity Measurements

The scanning electron microscopy (SEM) pictures of the
particle are shown in Fig. 2. The particles have a very irregu

FIG. 2. Scanning electron microscopy (SEM) pictures of the PE parti

ith
lid
Unsliced particles (a), a sliced particle (b), and a magnified area of the interior
surface of a cavity (c).
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surface, indicating a rather complex structure and geometry.
picture of a sliced particle (Fig. 2b) shows that the interior
the particles consists of rather large cavities, with a diamete
20–60µm. The interior surface of these cavities seems to
made up of smaller grains (Fig. 2c). Because the sliced sur
is smeared out, it is impossible to obtain any information on
interior geometry in these areas of the particles based on the
pictures.

The size distribution of the pores to be found inside the p
ticles, shown in Fig. 3a, is very broad. The mean pore ra
is around 0.5–1.0µm, but there are pores varying from abo

100 nm up to a few micrometers. The porosity of the particles Therefore, based on the SEM pictures, and on the argu-

ty is
was measured to be 8%. ments mentioned above, one may conclude that the porosi
FIG. 3. Pore size distributions of the PE particles (a), polystyrene part
function of the cumulative pore volume [cm3/g].
, AND HAFSKJOLD
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Comparing the pore size distributions with the SEM pictu
of the PE particles, it seems like the larger cavities are
accounted for in the mercury porosity measurements. Th
probably because some of these larger cavities are isolated
therefore will not contribute in the porosity measurements
addition, the largest cavities inside the particles are of the s
size as the cavities expected to be found between the par
when they are closely packed. To avoid contribution from
interfering cavities between the particles, the mercury intrus
measurements did not detect pores/cavities larger than ar
5µm.
icles PS2 (b), and polystyrene particles PS3 (c). The pore radius, [Å] is plotted as a
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RESTRICTED DIFFUSION

higher than the value given by the porosity measurements. T
interior of the particles can be divided into two main domain
the large cavities, 20–60µm in diameter, and the areas consis
ing of semi-crystalline polymer, where smaller pores, rang
from a fewµm down to about 100 nm, are found.

The pore size distributions of the porous polystyrene partic
are shown in Figs. 3b and 3c. These distributions are much m
discrete than the one found in the PE particles. In sample
the mean pore radius of the internal pores is around 0.2–0.5µm,
while for the PS3 sample it is around 0.02–0.03µm. The radii of
the cavities between the particles are 2–3µm in both samples.

Diffusion in the Polystyrene Systems

The idea behind studying the systems of polystyrene parti
immersed in a liquid is that the geometry of these system
better defined than that in the system of liquid-filled PE particl
By doing diffusion experiments in the polystyrene systems, i
possible to have a better understanding of, and to interpret, w
processes are taking place in the system of PE particles.

The FFT spectrum (not shown) of the samples of polystyre
spheres immersed in liquid has a bandwidth at half heigh
around 30 Hz, indicating that the internal magnetic field gra
ents are low in these samples (9). No significant difference
the measured diffusion coefficients was found using a mono
lar compared to a bipolar pulse sequence, so for these sampl
the experiments were performed using the monopolar PFGS
sequence (Fig. 1a).

Before analyzing the results from the diffusion measureme
in the polystyrene samples, it is important to describe the
pected effects from restricting geometry and different diffusi
domains in these systems. The length of the gradient pulsδ,
was 0.5 ms. This gives a value of around 1µm for the square
root of mean square displacementrδ during the gradient pulse
for the molecules diffusing in the porous system.

For sample PS1, water is found only between the comp
particles. The cavities between the particles are 8–10µm in
diameter, and the second cumulant approximation is valid.
initial slope of the attenuation curve represents the value of
effective diffusion coefficient.

In samples PS2 and PS3, toluene is found both in the cav
between the particles and in the cavities inside the particles
addition, one may expect some of the toluene to dissolve in
polymer matrix, but as shown later, the diffusion experime
indicated that this fraction does not contribute significantly
the total signal. It was therefore disregarded in further analy
The cavities between the particles are 5–6µm in diameter, so
the second cumulant approximation is valid here.

The internal pores in sample PS2 are around 0.5–1.0µm in
diameter, so for this area Eq. [6] may be invalid. However, co
sidering the total ensemble of molecules in this sample, one
assume a smaller fraction of the molecules to be influenced
the walls during the gradient pulse, and the second cumulan

proximation may be applied, if the value ofq is kept sufficiently
low (20). In sample PS3 the internal pores are much smal
IN POLYMER PARTICLES 173
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FIG. 4. Obtained attenuations from diffusion experiments performed in
polystyrene samples, PS1 (+), PS2 (o), and PS3 (∗). The PFGSTE sequence
(Fig. 1a) was used in all of the experiments. The value of1 is 8 ms. The solid
lines are linear fits of Eq. [6] to the initial slope of the curves.

thanrδ, so the interior of these particles may be considered
“quasi-homogeneous” system. The attenuation curve will the
fore consist of mean values of signals from two different are
the quasi-homogeneous internal system, and the external sy
where the second cumulant approximation is valid.

The attenuations obtained from the PFGSTE experiment
the polystyrene samples are shown in Fig. 4. The observed
cave attenuation curves obtained for the polystyrene sam
may be caused by the effect of domains having different dif
sivities and/or by restricted diffusion. One can expect the dif
sivity of the liquid to be found in the cavities inside the particl
to be lower than that in the cavities between the particles. H
ever, it is impossible to separate these two fractions from e
other because of the effect of restricted diffusion and beca
the difference in diffusivity is too low. There will also be a tot
exchange between the small and large pores, even during
shortest observation time.

In addition, since the shape of the curve is the same for all
polystyrene samples, and we know that in sample PS1 the
a single value of the diffusion coefficient, one cannot justify t
use of a multicomponent fit in samples PS2 and PS3.

The system is therefore most correctly described accordin
Eq. [4], using the initial slope of the attenuation (Eq. [6]) as t
average, effective diffusion coefficient. In all of the polystyre
samples the attenuation is linear down to at least−0.7, showing
that the second cumulant approximation is valid (19, 20).

The obtained effective diffusion coefficients in the pol
styrene samples are shown in Fig. 5, where the normali
diffusion coefficient,D(t)/D0, is plotted as a function of the
observation timetd.

In the system of compact polystyrene spheres immerse
ler
distilled water (sample PS1), the obtained tortuosity value,T , is
as expected in a system of random loose packing of monosized
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FIG. 5. Diffusion measurements in the samples of monosized polystyr
particles. The normalized diffusion coefficient,D(t)/D0, as a function of the
observation time,td. The PFGSTE sequence was used in all of the experime
The bulk values of the diffusion coefficients were 2.28× 10−9 and 2.30×
10−9 m2 s−1 for toluene and distilled water, respectively.

spheres (1, 18). Sample PS2 has a slightly lower tortuosity v
than sample PS1, and longer observation time is necessa
reach the tortuosity limit. This is as expected because of
presence of the rather large interior cavities in sample PS2, w
function as an additional diffusion path through the particles
sample PS3, on the other hand, the situation is different. H
the internal cavities are so small that they will strongly restr
the diffusion inside the particles, and the tortuosity limit is high
in this sample.

These results show that the effective diffusivity is influenc
by the different sizes of the pores in the system, and that
system like this, consisting of a mixture of large and small por
one cannot justify a separation of diffusion in small and lar
pores, based on the multiexponential model (Eq. [2]). The m
correct approach is to use the initial slope of the attenua
curve as a measure of the effective time-dependent diffus
coefficient,D(t), in the system.

Diffusion in the Polyethylene Systems

In the systems of porous PE particles the geometry is comp
Because of the broad distribution of pore sizes, the diffus
molecules will be affected by the geometry to different degre
depending on which area of the particle they occupy. In addit
a significant amount of the liquid will dissolve in the sem
crystalline phase of PE.

Organic liquids have different solubilities in the sem
crystalline phase of PE. In this study we have used toluene
methanol as added liquids. The solubility of toluene is high
than that of methanol. The idea is that the liquid with high
solubility in semi-crystalline PE will have the highest possibili

of being found in the smallest cavities of the particle. By vari
tion of the amount and type of liquid added, cavities of differe
, AND HAFSKJOLD
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sizes are filled up. The diffusivity in the different areas of
particle can then be determined.

Three samples with different amounts of added toluene,
three samples with different amounts of added methanol,
studied. For toluene, the amounts added were 0.25, 0.17
0.10 cm3/g PE, while for methanol the amounts added w
0.24, 0.15, and 0.10 cm3/g PE.

The FFT spectra obtained in the diffusion experiments of
sample with 0.25 cm3 of toluene/g of PE are shown in Fig. 6. A
a low value of the applied gradient strength, two broad, part
overlapping bands are visible.

As the gradient strength increases, the band at higher
quency decays faster than the other one. At sufficiently
gradient strengths, the signal from toluene inside the cavitie
totally dephased, and the remaining signal is from the tolu
which is dissolved in the semi-crystalline phase of PE.

The bandwidth at half height in Fig. 6 (upper) is arou
400–500 Hz, indicating that significant internal gradients m
be present in these sample. Further analysis showed tha
monopolar PFGSTE pulse sequence gave a significantly l
diffusivity compared to a bipolar pulse sequence, so the bip
pulse sequences were used in the diffusion experiments
formed in these systems.

The diffusion measurements performed on the porous PE
ticles, using a bipolar sequence, resulted in a nonlinear at
ation curve, concaved upward. It is reasonable to assume
the nonlinear attenuation is mainly caused by the effect o
two main diffusion domains in the system and that the br
peaks in Fig. 6 (upper) are a superposition of signals from
uid in semi-crystalline PE and in the cavities, which canno
separated in the spectrum.

Thus, at relatively small values oftd (slow exchange), on
may expect the attenuation to be described by Eq. [2]

FIG. 6. FFT spectra obtained from diffusion experiments in the sample
PE particles with toluene added, at a low value of the applied gradient str
(upper spectrum) and at a high value of the applied gradient strength (

a-
nt
spectrum). The 11-intervals bipolar pulse sequence was applied in this diffusion
experiment.
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RESTRICTED DIFFUSIO

diffusion of liquid in semi-crystalline PE and in cavities of diffe
ent sizes. Since a typical value for diffusion of liquid dissolv
in semi-crystalline PE is around 1–5× 10−11 m2 s−1 (23, 24),
even attd ≈ 200 ms, the diffusion length in this domain w
be approximately 2–3µm, and there should be no significa
amount of exchange between the two domains. In addition
shown below, it was found that the estimated fraction of liq
found in semi-crystalline PE did not vary significantly with t
observation time, which should be the case if there was sig
icant exchange taking place. Another indication of exchang
that, in the case of a significant degree of exchange, the
fusion coefficient for liquid dissolved in semi-crystalline P
should increase with increasing observation time, which was
observed.

However, one should be careful when interpreting mu
exponential decay curves. In the system studied here
are effects of restricted diffusion contributing to the cur
ture of the attenuation. This effect is not taken into acco
using Eq. [2]. In addition, the measurements performed
the systems of polystyrene spheres showed that becau
fast exchange one could not justify a separation of sig
from molecules diffusing in pores having a diameter aro
0.05µm compared to pores with a diameter of 5–10µm, us-
ing a sum of exponentials. It is therefore difficult to ver
if there are two or three different diffusivities in the PE s
tems or how much of the concave in the obtained attenuati
caused by restricted diffusion in the cavities during the grad
pulse.

Instead of doing a multiexponential fit of the total attenuat
curve, one may use the fact that, at sufficiently high attenuat
the signal from the faster diffusing liquid in the cavities does
contribute to the observed signal. A linear fit to the last p
of the attenuation curve that represents the diffusion of liq
in the semi-crystalline phase of PE may then be perform
The intercept atq = 0 represents the fraction of this sign
The obtained linear model can then be subtracted from the
experimental attenuation, and the resulting curve then repre
diffusion of liquid in the cavities of different sizes.

In Fig. 7 the results of making a linear fit to the last p
of the curve, followed by subtracting this model from the to
curve, are shown. The resulting curve is not linear. This ca
explained by taking into account the effect of restricted di
sion during the gradient pulse, which will result in a nonlin
attenuation similar to what was observed in the experiments
formed in the systems of polystyrene spheres. One can the
the second cumulant approximation and make a linear fit to
initial part of this curve.

To have as good control of the different effects as possible
is, in our opinion, the correct method for analyzing attenua
curves from systems having a broad distribution of pore si
like the PE particles.

Because of the broad pore size distribution in these syst

one cannota priori expect that the second cumulant approxim
tion can be applied for the molecules diffusing in the caviti
IN POLYMER PARTICLES 175
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FIG. 7. Obtained attenuation in a PFG (bipolar 13 intervals) experimen
sample of PE particles with toluene added.td = 8.7 ms. Obtained experiment
data (×) and the curve fitted to the signal from toluene dissolved in se
crystalline PE. This curve is subtracted from the experimental points, an
initial slope of the resulting curve, (o), is determined, representing diffusio
the cavities of the particles.

(20). Since the attenuation is linear down to at least−0.5, we
assume it to be valid, though it should be mentioned that, in
sample having the lowest filling of toluene, the linearity of
initial slope was poor, indicating effects of restricted diffus
in small cavities.

The diffusion experiments performed in the samples with
ferent amounts of liquid added showed that the normalized
fusion coefficients representing diffusion in the cavities (Dcav)
vary with both type and amount of liquid added and with the
servation time. Because the rather low amount of liquid foun
the semi-crystalline PE, the signal-to-noise ratio was rather
for the part of the experimental attenuation curve represen
this diffusivity. The diffusion coefficient representing diffusio
of liquid in semi-crystalline PE (Dsc) varied randomly in the
range 1–4× 10−11 m2 s−1, a value which corresponds to simil
results found in the literature (23, 24).

Though the variation in the obtainedDsc’s was random, ther
was a tendency to obtain higher values at short observation
indicating effects of restricted diffusion. Since the main inte
in this study is the diffusivity in the cavities, the values from
semi-crystalline domains are not given here.

At long observation times, it was found that the diffusion
efficient representing diffusion of liquid in the cavities depen
on theτ -value in the pulse sequence. As theτ -value decreases
the value ofDcav(t) increases. Such a dependency was not fo
at short observation times. Thus, as showed in (18) the u
bipolar gradients does not totally suppress the cross term
tween applied and internal gradients at longer observation ti

a-
es
and this has to be taken into consideration in the measurements
performed.



0

2
8

o

e

s

t

v
y
o

e
o

e

o

a

nal
of

the
are

cant
ing
e.

me,
ifi-
the

ple,
ples

and
oef-
e
. The
176 SELAND, OTTAVIAN

TABLE 1
Results from the Diffusion Experiments in the Samples

of PE Particles

Toluene added Methanol added

(cm3/g)tot 0.25 0.17 0.10 0.24 0.15 0.1
psc 0.2 0.4 0.7 0.05 0.15 0.2
(cm3/g)sc 0.05 0.07 0.07 0.01 0.02 0.0
(cm3/g)cav 0.20 0.10 0.03 0.23 0.13 0.0
T 2.1 2.1 3.0 2.0 2.0 2.5

Note. The total amounts of toluene and methanol added, (cm3/g)tot are given.
psk is the fraction of liquid found in the semi-crystalline PE, determined from
model fit of the last part of the experimental attenuations. The estimated am
of liquid in semi-crystalline PE, (cm3/g)sc, and in the cavities, (cm3/g)cav, is
given for each sample. The tortuosity values,T , determined from the diffusivity
limit at long observation time is given with an uncertainty of±0.15.

To compensate for the unsuppressed cross term in the att
tions at long observation time, we tried to measure the diffus
coefficient as a function ofτ at fixed (long) observation time
as done in (18). We found that this resulted in unrealistic h
values when extrapolating toτ = 0. The quality of the data from
the measurements of theτ -dependency at long observation tim
does not justify the use of this appraoch. We therefore choo
use the result obtained at the lowest possibleτ -value as a lower
limit for the value ofDcav(t) at long observation time.

From the fractions of liquid dissolved in semi-crystalline P
psc, it is possible to estimate the amount of liquid to be found
semi-crystalline PE, and the amount to be found in the cavi
for each sample. All the important parameters determined
summed up in Table 1. The relative amount of liquid dissol
in semi-crystalline PE is approximately constant in each t
of sample with different filling degree. Clearly, the solubility
methanol is lower than toluene.

Relaxation measurements performed indicated that the v
of T1 for both liquid in semi-crystalline PE and in the caviti
is around 0.6–1 s. It was found that the fraction of signal fr
liquid in semi-crystalline PE did not vary significantly with th
observation time. As mentioned above, this indicates that
change of liquid between semi-crystalline PE and the cavitie
not significant.

It was also observed thatpsc varied with the value ofτ in the
pulse sequence. This time interval is influenced by transv
relaxation. As theτ value increases,psc increases, showing tha
the T∗2 value for the liquid in the semi-crystalline phase of P
is longer than that for the liquid in the cavities. This is in c
respondence with what is observed in the FT spectra from
diffusion experiments. At longτ -values (around 15–20 ms) th
FT spectrum at low values of the gradient strength is simila
the spectrum obtained at high gradient strength but low v
of τ (Fig. 6b). At high values ofτ , one is therefore left with
the signal from the liquid in semi-crystalline PE. This is also
correspondence with relaxation measurements, which indic
that theT∗2 value for one of the domains are significantly shor

than the other. Thus, theT∗2 value for liquid in the cavities is
shorter than that for liquid dissolved in the semi-crystalline P
I, AND HAFSKJOLD
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This may be explained by the effects from diffusion in inter
magnetic field gradients contributing to the total dephasing
the transverse magnetization.

The results obtained for the time-dependent diffusivity in
cavities of the PE particles in the different samples studied
given in Fig. 8.

For the samples with toluene added, there is no signifi
difference for the results obtained in the two samples hav
the highest filling and the tortuosity limit obtained is the sam
For the sample having the lowest filling (0.10 cm3/g) there is a
significant difference. Already at the shortest observation ti
the tortuosity limit is reached, and the tortuosity value is sign
cantly higher than that in the other samples. As indicated by
estimated amount of liquid found in the cavities in this sam
only the smallest cavities are filled up. In the other two sam

FIG. 8. Diffusion measurements in the samples where toluene (a)
methanol (b) were added to the PE particles. The normalized diffusion c
ficient in the cavities,Dcav(t)/D0, as a function of the observation time. Th
bipolar sequences (Figs. 1b and 1c) were used in all of the experiments
E.
bulk values used for the liquids were 2.28× 10−9 and 2.42× 10−9 m2 s−1 for
toluene and methanol, respectively (22).
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RESTRICTED DIFFUSION

both small and larger cavities are more or less completely fil
This explains the difference in the obtained tortuosity values
these samples.

In the samples with methanol added, the two samples ha
the highest filling have about the same tortuosity limit as the c
responding samples with toluene, and we may assume that
both the small and large pores are filled, which is also indica
by the estimated amount of liquid found in the cavities given
Table 1. In the sample with lowest filling the tortuosity valu
is higher, but not as high as that in the corresponding sam
with toluene. As indicated in Table 1, when the same amoun
toluene and methanol is added separately to the PE particl
higher fraction of toluene dissolves in semi-crystalline PE, wh
in the sample with methanol a fraction of the larger cavities w
be filled up in addition to the small cavities. This explains the d
ference in the time-dependent diffusivity for these two samp
and the difference in tortuosity value obtained.

The results presented in Table 1 show that the effective
fusivity, and thus the estimated tortuosities, vary with the filli
degree of the different cavity sizes.

CONCLUSIONS

We have shown how PFG-NMR can be used to measure d
sion in different systems of porous polymer particles. Diffusi
measurements performed in samples of randomly packed m
sized porous and nonporous polystyrene particles show tha
cause of restricted diffusion and exchange, one cannot s
rate diffusion in small and large pores using a multiexponen
model. The most correct approach in these samples is to us
initial slope as a measure of the effective diffusion coefficien
the system, according to the second cumulant approximatio

This has to be taken into consideration when the meas
ments in the system of PE particles are interpreted. We show
by subtracting the signal from diffusion and liquid dissolved
semi-crystalline PE, it is possible to use the second cumu
approximation to determine the diffusivity of the liquid to b
found in the cavities of the particles. By variation of the amo
of liquid added, cavities of different sizes are occupied, and
tortuosity value,T , in the different areas of the particles can
determined.

It was also shown that the use of bipolar gradients in the p

sequence do not completely suppress the influence of inte
gradients at longer observation times. The unsuppressed c
IN POLYMER PARTICLES 177
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term between the internal and applied magnetic field gradi
depends on the value ofτ is the pulse sequence used, and i
important to keep this value as low as possible in the exp
ments performed. Clearly, the diffusion coefficients, and t
the tortuosity, vary with the filling degree of the cavities in t
PE particles.
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